Photons and electrons are two common relaxation products upon X-ray absorption, enabling fluorescence yield and electron yield detections for X-ray absorption spectroscopy (XAS).
Studying the electronic structure of liquid water and aqueous solutions by soft X-rays has attracted much attention in recent years, [1] [2] [3] [4] [5] [6] and continues to be a vital research field. Resonant excitation by X-rays is highly element-specific, which makes X-ray absorption spectroscopy (XAS) a widely used tool in many scientific disciplines. Due to the vacuum requirement for soft X-ray propagation, detection of XA spectra for liquid (volatile) samples in vacuum is very challenging. One of the most applied techniques to introduce liquid samples into a vacuum chamber is a liquid flow-cell with an ultra-thin membrane separating the liquid from the vacuum. 7, 8 When equipped with multiple electrodes, such a liquid cell can act as a standard electrochemical cell. It is therefore of great interest to combine XAS and the liquid cell technique for in situ/operando investigations on liquid-based materials. [9] [10] [11] [12] When a sample's thickness exceeds the penetration depth of soft X-rays, which is the case for the liquid cell adopted in this study, detection of XA spectra in the transmission mode is not applicable. Therefore, fluorescence yield (FY) or electron yield (EY) must be employed to acquire XA spectra. Due to the significant thickness of typical membranes, e.g.
Si 3 N 4 and SiC membranes (~ 100 nm), the electrons created within liquid solutions cannot penetrate the membrane and escape into vacuum. The FY was thus considered the only feasible way to probe the liquid-phase species behind membranes. However, EY has been recently realized in liquid cell studies, thanks to the newly developed graphene membranes. 13 Another recently developed detection method in liquid cells is to measure the electric current induced by X-ray excitation. This electric-current detection which was categorized as total electron yield (TEY) [9] [10] [11] is further explored and discussed in detail in this study. In ref. 9 , the synchrotron X-ray source was frequency-modulated before applied to the liquid cell, and the resulting electric current that matched the modulation frequency was then collected by an Aucoated Si 3 N 4 membrane. By this lock-in technique the large background signal originating from the continuous ionic current was excluded from the measurements.
The ionic current, which was discarded in previous studies as an unwanted background, is however found to be useful, and thus exploited in this study. We demonstrate that without modulation of X-ray pulse frequency the O K-edge and Fe L-edge XA spectra of liquid samples behind the membrane can still be obtained by measuring the ionic current through the liquid cell with two electrodes connecting to an ammeter, as illustrated in figure 1.
Because the solvated ions are the charge carriers that produce the current signal (discussed below), this two-electrode detection method is termed here as total ion yield (TIY). If only the front electrode is connected to the ammeter, the charge flow is carried solely by electrons (discussed below). This one-electrode detection corresponds to the traditional drain-current measurement that is often applied to conductive solid samples, [14] [15] [16] Soft X-rays can penetrate typical liquid-cell membranes and reach up to ~ 1 µm into liquid samples, while the photoelectrons excited by X-ray absorption travel only a few nanometers in samples due to their short inelastic-mean-free-path (IMFP). 21 The photoelectrons that are created in the bulk solution cannot reach either of the electrodes and therefore do not contribute to the current measurements. However, the photoelectrons created in the vicinity of the front electrode (10-nm-thick Au film) can be collected by this electrode, which may result in an electric current detectable by the ammeter. 9 To test this idea the O Kedge XA spectra have been measured from the liquid cell filled with deionized water. In this setup, only the front electrode was connected to the grounded ammeter, leaving the back electrode electrically floating. The resulting TEY-XA spectrum is presented in figure 2 , along with the corresponding PFY-XA spectrum for comparison. The bulk-sensitive PFY detection produces the characteristic water absorption features -II at 535 eV, and III at 537 eV which are known to be related to the unsaturated hydrogen bonds in the bulk water. 6, 9, 22 The feature I of the PFY-XA spectrum, located at 531 eV, is absent in the XA spectra of neat liquid water. 6, 9, 22 This feature is believed to be from either the adsorbed oxygen species containing C=O double bond 23,24 on the membrane surface or the embedded oxygen compounds,
probably CrO x 25 formed during the Cr deposition process, within the membrane. The TEY-XA spectrum at the O K-edge exhibits much suppressed bulk-solution features II and III, while much enhanced surface (or embedded) feature I with respect to the PFY spectrum. This intensity variation is reasonable since TEY is not sensitive to the bulk water species, but only to the oxygen-containing species at the membrane surface, and perhaps to the species close to the Au film as well. When replacing water by acetonitrile (CH 3 CN) which contains no oxygen, both TEY-and PFY-XA spectra in the lower part of figure 2 exhibit no features II and III, but a strong feature I, similar to the TEY-XA spectrum in the upper part, which is expected because the contribution of the bulk-water species is absent in all three spectra.
There is an intensity difference of the feature I between the TEY-and PFY-XA spectra of CH 3 CN, indicating that the respective signals may originate from different oxygen sources.
With the bulk water species excluded the adsorbed oxygen species at the membrane surface and the embedded oxygen species within the membrane could still contribute to the PFY and TEY measurements. PFY detection shall be able to pick up the signals from both oxygen sources, while TEY may be sensitive to only one of them, which becomes clear in the following discussion for figure 3. Besides the possible sources of oxygen signal, the different decay channels employed by PFY and TEY detections may affect the intensity as well, as discussed previously in ref. 26, 27 .
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It is now clear that the TEY detection, with one single electrode connected to the ammeter, only probes the surface species at the vacuum side. It is however surprising to observe that adding the back electrode of the liquid cell to the current measurements dramatically changes the measurement outcome. When both the front and back electrodes in the water-filled liquid cell are connected to the ammeter, the measured current strength at the O K-edge is boosted 40 times higher with respect to the one-electrode TEY measurement, and the resulting XA spectrum becomes very similar to the PFY-XA spectrum, as well as distinctive from the TEY-XA spectrum, as shown in figure 4 . The middle spectrum in figure   4 has clear features II and III, and almost no feature I, indicating that the two-electrode detection only probes the liquid water behind the membrane, eliminating any contributions from both adsorbed and embedded oxygen species. Since neither the incident X-rays nor the excited photoelectrons can reach the back electrode, it is quite intriguing that the inclusion of the back electrode can have such a profound influence on the current measurement. The incident X-rays exciting a sample actually always create electron -ion pairs upon photoionization, but only the electrons have been generally exploited so far as the charge carrier formulating the TEY detection. The utilization of the corresponding ions is much less explored, [17] [18] [19] especially for solid sample measurements due to the immobility of the ions.
The ions become, however, quite mobile in liquid phase, and the ionic-current that was previously considered as background noise may actually be useful to generate XA signals.
We hence hypothesize that it is the ions induced by X-ray absorption that act as the charge carrier traveling towards the back electrode and constituting the detected current. The charge carrier in the deionized water could be the ions created during the EY process upon X-ray absorption and/or the neighboring water molecules next to the absorption site ionized by the energetic photoelectrons. The two-electrode detection scheme is therefore termed as total ion yield (TIY), as indicated in figure 4 . The mobility and long-distance transportability of the ions in liquid may provide an indispensable assistance to realize the charge flow through the bulk liquid. This long-distance transport cannot be achieved by electrons because of their extremely short IMFP. The previously reported TIY measurements on liquid microjets [17] [18] [19] are essentially one-electrode detections which require the electrons or ions produced upon Since the ions are created within the ~ 1 µm region from the front electrode and the back electrode is located about 1 mm away, diffusion time is expected to play a role in the ion transport between the two electrodes. Consequently, the TIY detection may show a delayed response to the X-ray absorption when compared to the PFY detection, which could lead to a universal energy shift of all TIY-XA peaks towards higher energy with respect to the corresponding peak positions in the PFY-XA spectra. Such a postulated peak shift is, however, not observed in figure 4 , as well as not in the following figure 5 . Considering that the data acquisition time at each excitation energy was set to 2 s for all the XA measurements, we can estimate that the diffusion time required for the ion transport through the liquid cell must be less than 2 s. There are various distortion effects in the XAS measurements that collect relaxation emissions (FY or EY) from various decay channels. [30] [31] [32] [33] [34] The well-known saturation effect normally enhances the L 2 edge intensity relative to the L 3 edge for transition metal L-edge XA spectra. 30, 31, 33, 34 For the Fe(III) L-edge XA spectra, the relative intensity of the first feature at 709 eV with reference to the highest peak at 710 eV is often reduced when the Fe 3d valence orbitals are involved in the decay channels of FY or EY detections, as discussed previously in ref. 27 . One decay channel Fe 3s → 2p was however determined to be free from all distortion effects and able to produce an undistorted Fe(III) L-edge XA spectrum. 27 The undistorted Fe L-edge XA spectrum of 1 M FeCl 3 aqueous solution acquired from this decay 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 channel is thus superimposed onto the TIY-XA spectrum of 1 M Fe(NO 3 ) 3 aqueous solution for comparison, as shown in figure 5a . The comparison indicates that the TIY detection gives rise to the similarly reduced L 2 edge and identical intensity ratio between the first (709 eV) and second (710 eV) absorption peaks with respect to the PFY 3s → 2p XA spectrum. The perfect match, especially for the intensity ratio of the two leading absorption features, between the benchmark Fe(III) L-edge XA spectrum taken previously from the PFY 3s → 2p decay channel and the TIY-XA spectrum acquired in this study strongly suggests that the TIY is a promising detection variant to obtain undistorted XA spectra for liquid samples.
The higher concentration of 2 M Fe(NO 3 ) 3 aqueous solution does not lead to significant differences in the XA spectra when compared to the spectra of the 1 M solution, but only slightly enhances the first peak at 709 eV and L 2 edges for both PFY and TIY detections, as shown in the lower part of figure 5 . These intensity increases could be related to the saturation effect which becomes more severe with higher concentration. 31 The saturation effect always reduces the most intense peak, [30] [31] [32] features. We speculate that the higher ionic background current is caused by the Cl -ions being smaller, lighter and hence more mobile than the NO 3 -ions in solution, which consequently inhibits the weak current variation induced by the X-rays from being detected.
In conclusion, the electric-current measurements have been conducted on a liquid cell equipped with two electrodes, and the resulting XA spectra at the O K-edge, Cr L-edge and Fe L-edge are compared with the spectra acquired by the bulk-sensitive PFY measurements.
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